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Control of cell-division orientation is integral to epi-
thelial morphogenesis and asymmetric cell division.
Proper spatiotemporal localization of the evolution-
arily conserved Gai-LGN-NuMA protein complex is
critical for mitotic spindle orientation, but how this
is achieved remains unclear. Here we identify Sup-
pressor APC domain containing 2 (SAPCD2) as a
previously unreported LGN-interacting protein. We
show that SAPCD2 is essential to instruct planar
mitotic spindle orientation in both epithelial cell cul-
tures and mouse retinal progenitor cells in vivo.
Loss of SAPCD2 randomizes spindle orientation,
which in turn disrupts cyst morphogenesis in three-
dimensional cultures, and triples the number of
terminal asymmetric cell divisions in the developing
retina. Mechanistically, we show that SAPCD2 nega-
tively regulates the localization of LGN at the cell
cortex, likely by competingwith NuMA for its binding.
These results uncover SAPCD2 as a key regulator
of the ternary complex controlling spindle orienta-
tion during morphogenesis and asymmetric cell
divisions.
INTRODUCTION
The control of cell-division orientation is critical for epithelial
morphogenesis and asymmetric cell division during embryonic
development and adult tissue homeostasis (Siller and Doe,
2009). In various contexts, cell-division orientation influences
cell-fate decisions. Genetic analysis in model organisms has
identified the evolutionarily conserved Gai-LGN-NuMA ternary50 Developmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Inprotein complex as essential molecules for the spatial capture
of astral microtubules at the cell cortex to orient the mitotic
spindle (Couwenbergs et al., 2007; Du and Macara, 2004;
Gotta et al., 2003; Nguyen-Ngoc et al., 2007; Schaefer et al.,
2000). The GoLoco motifs on the C terminus of LGN interact
with GDP-bound Gai, which is anchored at the plasma mem-
brane through myristoylation. NuMA, on the other hand, binds
to the N-terminal tetratricopeptide repeat (TPR) of LGN and
promotes Gai binding (Du and Macara, 2004). One crucial
role of the ternary complex is to serve as a cortical landing
pad for the Dynein motor through direct NuMA binding,
thereby generating minus-end directed forces on the aster mi-
crotubules necessary to orient the spindle (Kotak et al., 2012).
While Gai appears to be uniformly distributed at the cell cor-
tex, LGN is enriched in cortical crescents facing the spindle
poles. How LGN localization is regulated spatiotemporally re-
mains unclear.
In polarized epithelia, the orientation of the mitotic spindle is
guided by intrinsic polarity cues and/or by extrinsic signals.
The PARD3-PAR6 polarity complex is known to play a deter-
mining role in spindle orientation in multiple contexts. Molecular
links connecting proteins involved in cell polarity with the Gai-
LGN-NuMA complex have been identified in recent years. In
Drosophila neuroblasts for example, the adapter protein Inscute-
able (mINSC in vertebrates) binds to the apically enriched polar-
ity protein Bazooka (PARD3) and to Partner of Inscuteable (LGN)
to localize the ternary complex apically and reorient the position
of the mitotic spindle vertically in the apico-basal direction
(Schaefer et al., 2000; Yu et al., 2000).Whether planar or horizon-
tal orientation of the mitotic spindle occurs by default in the
absence of instructive polarity cues, or whether specific mecha-
nisms exist to exclude the Gai-LGN-NuMA complex from the
apical domain remains unclear, although recent studies have
begun to shed light on this problem (Hao et al., 2010; Matsumura
et al., 2012). It is known, however, that localization and function
of the ternary complex is context dependent. For example,c.
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studies in the chick neural tube and the mouse forebrain have
shown that the Gai-LGN-NuMA complex is essential to maintain
planar (horizontal) divisions in neuroepithelial cells. In these cells,
inactivation of LGN increases the frequency of vertical divisions,
which alters progenitor positioning in the neuroepithelium
(Konno et al., 2008; Morin et al., 2007). In the skin, on the other
hand, inactivation of LGN significantly decreases the frequency
of vertical divisions without altering horizontal cell divisions (Wil-
liams et al., 2011).
The developing vertebrate retina has served as a model sys-
tem to study the role of cell-division orientation in cell-fate deci-
sions (Bassett and Wallace, 2012; Cayouette et al., 2006). While
most retinal progenitor cells (RPCs) divide with their mitotic spin-
dle aligned parallel to the plane of the neuroepithelium (horizon-
tal), some RPCs reorient their spindle to divide at perpendicular
angles (vertical) during late stages of retinogenesis (Cayouette
et al., 2001). Live imaging studies have shown that when rat
RPCs divide with a vertical spindle, the division tends to be ter-
minal and asymmetric, with the two differentiating daughter cells
adopting different fates (Cayouette and Raff, 2003). In contrast,
when RPCs divide with a horizontal spindle, terminal divisions
tend to be symmetric and give rise to two neurons of the same
type. More recently, we provided evidence that NUMB, an
antagonist of Notch signaling, is asymmetrically inherited in the
daughter cells of vertical divisions, and is essential for the pro-
duction of terminal asymmetric cell divisions in the mouse retina
(Kechad et al., 2012). Despite the apparent importance of divi-
sion orientation in driving asymmetric fates in the developing
retina, the mechanisms controlling spindle orientation in RPCs,
and in vertebrate neuroepithelial cells in general, remain incom-
pletely understood.
Here, we identify Suppressor APC domain containing 2
(SAPCD2; also known as ang, p42.3, and C9orf140), a poorly
characterized cell-cycle-dependent protein overexpressed in
many human cancer cell lines (Li et al., 2014; Mao et al.,
2014; Sun et al., 2013; Wan et al., 2014; Xu et al., 2007;
Yuan et al., 2013), as an LGN-interacting protein. SAPCD2
also interacts with several tight junction and polarity proteins
and negatively regulates LGN localization. Our results demon-
strate a critical role of SAPCD2 in controlling the orientation of
the mitotic spindle during epithelial morphogenesis and termi-
nal divisions of RPCs. This study therefore identifies a distinct
negative regulator of the Gai-LGN-NuMA complex, providing a
mechanism to balance the proportion of horizontal and verticalFigure 1. SAPCD2 Interacts with the Gai-LGN Complex
(A) Protein-protein interaction network showing the identification of SAPCD2 foun
of SAPCD2 affinity-purified complexes identified many proteins localized at tigh
identified proteins.
(B) SBP-HA-CBP-SAPCD2 co-affinity precipitates with FLAG-LGN. HEK293T c
affinity purification with streptavidin resin. Bound proteinswere resolvedwith SDS
in affinity purification.
(C) SAPCD2 binds to LGN but not Gai. The indicated recombinant GST-fusion pr
HA-CBP-SAPCD2. Top panel is western blotting using anti-HA antibodies, and sh
S staining of the same western blot membrane as loading control. Input is 10%
(D) SAPCD2 binds to the TPR motif of LGN. Recombinant GST or GST-SAPC
LGN(483–684) proteins. Proteins were detected by western blot with indicated a
(E) In vitro competition binding assay shows that NuMA dose-dependently inhi
Coomassie blue stain for NuMA binding and amounts of LGN N-terminal protein
SBP, streptavidin-binding affinity tag; HA, hemagglutinin; CBP, calmodulin-bindi
52 Developmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Indivisions, and, consequently, symmetric and asymmetric cell
divisions.
RESULTS
SAPCD2 Associates with the Gai-LGN-NuMA Ternary
Complex
In a global effort to identify Gai effectors, we analyzed affinity-pu-
rified complexes from cells expressing an SBP-HA-CBP-tagged
version of the GTPase-defective Q204L-Gai1 mutant protein
by mass spectrometry (MS). Peptides corresponding to known
Gai1 interactors such as various Gb and Gg subunits of
heterotrimeric G proteins, RIC8A, and the GoLoco domain con-
taining proteins AGS3 (GPSM1), LGN (GPSM2), RAP1GAP1,
and RAP1GAP2, were identified. Intriguingly, several peptides
corresponding to the poorly characterized protein SAPCD2
were also identified (Figure 1A and Table S1). Reciprocal immu-
noprecipitation (IP)-MS analysis of anti-FLAG immunoprecipi-
tates fromcells expressing FLAG-SAPCD2 identified theGoLoco
proteins AGS3 and LGNaswell as several cell junction and polar-
ity proteins such asPALS1 (MPP5), PATJ (INADL),MPDZ, ASPP2
(TP53BP2), andPAR3 (PARD3) (Figure 1A and Table S2).We per-
formed co-affinity purification experiments and showed that LGN
and PARD3 were co-purified with SAPCD2 when isolated from
HEK293T lysates expressing these proteins (Figures 1B and S1).
The low number of SAPCD2 peptides identified in Gai pull-
downs and the identification of AGS3 and LGN in SAPCD2 im-
munoprecipitates suggested that the interaction of SAPCD2
with Gai is indirect and likely bridged by AGS3/LGN. To examine
this possibility more closely, we performed in vitro pull-down as-
says and determined that recombinant LGN, but not Gai, could
precipitate SAPCD2 from lysates (Figure 1C). Further domain
mapping experiments revealed that recombinant SAPCD2 asso-
ciates with the N terminus of LGN containing the TPR repeat,
suggesting direct interaction, but not with its C terminus that
contains the GoLoco motif (Figure 1D). As LGN associates with
NuMA through its TPR motif during spindle positioning (Du
et al., 2001), we next asked whether SAPCD2 and NuMA
compete for binding to the TPRmotif of LGN. Increasing concen-
tration of a NuMA protein encompassing amino acids 1,818–
2,001 (LGN binding region) led to dose-dependent inhibition of
SAPCD2 binding to LGN (Figure 1E). We conclude that SAPCD2
interacts with the same binding site as NuMA on the TPR domain
of LGN.d in complex with Gai-Q204L, GSPM1 (AGS3), and GSPM2 (LGN). MS analysis
t junctions and involved in cell polarity. See Tables S1 and S2 for full list of
ells were transfected with the indicated plasmids. Lysates were subjected to
-PAGE and blottedwith HA and FLAG antibodies. Inputs are 10%of lysate used
oteins were incubated with lysate from HEK293T cells stably expressing SBP-
ows strong SAPCD2 binding to LGN but not Gai. Bottom panel shows Ponceau
of lysate used in affinity purification.
D2 were incubated with purified recombinant MBP-tagged LGN(1–358) and
ntibodies.
bits interaction of SAPCD2 with the N terminus of LGN. Bottom panel is the
s purified. Input is 12% of lysate used in affinity purifications.
ng affinity tag. See also Figure S1.
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Figure 2. SAPCD2 Is Expressed in Mitosis and Localizes to the Apical Domain in Mouse Retinal Progenitors
(A) SAPCD2 expression in HeLa cells synchronized and collected at different phases of the cell cycle. SAPCD2 expression peaks in G2/M; cyclin B1 is used to
indicate M phase.
(B) SAPCD2 expression in mouse retina lysates at different stages of development. SAPCD2 expression correlates with the period of retinal cell proliferation.
(C) X-gal staining on Sapcd2+/ heterozygous mice reports Sapcd2 expression. E, embryonic day; P, postnatal day; PCL, progenitor cell layer; GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar, 50 mm.
(D–I) Immunofluorescence staining for SAPCD2 in wild-type mouse retina at P0. Confocal image shows SAPCD2 enriched at the apical endfoot in interphase
RPCs (D, arrowheads. Scale bar, 10 mm). In prophase (E) and horizontal metaphase cells (F), SAPCD2 is found at the apical pole (arrowheads), whereas it is not
detected in horizontal anaphase (G), or vertically dividing cells at any stage (H and I). Nuclei are stained with Hoechst (blue). Scale bar, 1 mm.
(J and K) SAPCD2::mCherry fusion localizes around the membrane and concentrates to the apical endfeet in interphase cells (J, arrowheads) and at the apical
pole in prophase cells (K, arrowhead). Scale bars, 10 mm (J) and 1 mm (K).
(L) Quantification of SAPCD2 localization in prophase and horizontal metaphase at P0 in wild-type mouse retina. Four animals (n = 215 mitotic cells) were
analyzed. Error bars represent SEM.
(M–R) Immunofluorescence for LGN (M–Q) and NuMA (R) on a wild-type mouse retinal section at P0. Both LGN and NuMA localize to the lateral membrane in
prophase and horizontal mitotic cells, but are excluded from the apical domain (white line). In vertical divisions, LGN is found at the apical domain (P and Q,
arrowheads). Nuclei are stained with Hoechst (blue). Scale bar, 1 mm.
See also Figure S2.SAPCD2 Is a Cell-Cycle-Regulated Protein Localized at
the Apical Membrane of Mouse Retinal Progenitor Cells
To study SAPCD2, we developed an affinity-purified polyclonal
antibody. Validating its specificity, staining was lost in HEK293T
SAPCD2/ cells engineered using CRISPR-Cas9 gene editing
and in Sapcd2/ retinal tissue (Figures S2A and S2B). Further-
more, using this antibody, two bands of approximately 42 kDa
were detected by western blotting of lysates extracted from
heterozygotes mouse retinas, but not from Sapcd2/ mice
(Figure S2C).DeveSAPCD2 was previously identified as a cell-cycle-dependent
gene overexpressed in many primary human tumors, cell lines,
and embryonic tissues (Li et al., 2014; Mao et al., 2014; Sun
et al., 2013; Wan et al., 2014; Xu et al., 2007; Yuan et al., 2013;
Murata et al., 2004). Consistent with SAPCD2 having a role dur-
ing mitosis, its expression was tightly regulated during HeLa cell
cycle, with minimal expression in interphase and maximal
expression in M phase coinciding with peak expression of cyclin
B1 (Figure 2A). This periodicity in protein expression is supported
by cDNA microarray analysis revealing SAPCD2 as one of thelopmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Inc. 53
top periodic genes expressed during the cell cycle (Whitfield
et al., 2002) (www.cyclebase.org). Interestingly, the slower
migrating form of SAPCD2 was enriched during M phase. The
precise nature and functional importance of this cell-cycle-
dependent modification are currently being investigated but
further implies a mitosis-specific role. Strikingly, LGN was simi-
larly identified as a cell-cycle-regulated gene, and parallels
SAPCD2 mRNA and protein abundance (Du and Macara, 2004).
To study the role of SAPCD2 in vivo, we used the mouse retina
as a model system. We first analyzed SAPCD2 protein expres-
sion in retinal extracts and found strong expression during active
phases of progenitor proliferation from embryonic day 14 (E14)
to postnatal day 2 (P2), lower expression by P7, and undetect-
able expression in adult extracts (Figure 2B). Next, we took
advantage of a previously generated mouse line in which a
lacZ/neo cassette is inserted at the start codon of the Sapcd2 lo-
cus (Murata et al., 2004), allowing us to use b-galactosidase
(b-Gal) activity to report Sapcd2 expression. Consistent with
the western blot results, b-Gal activity was mostly concentrated
in the progenitor cell layer fromE14.5 to P3, although some b-Gal
activity was also observed in differentiating neurons (Figure 2C).
By P7, when most neurons are undergoing differentiation, b-Gal
activity was still detected in all three neuronal layers of the retina,
but was largely extinguished in the adult stage, when all neurons
are fully differentiated, although a rare population of neurons in
the amacrine cell layer was still positive (Figure 2C).We conclude
that SAPCD2 expression peaks during mitosis, and is expressed
in RPCs and newly differentiated neurons but not in mature
retinal cells.
We next determined the subcellular localization of SAPCD2 in
RPCs at P0. In interphase RPCs, SAPCD2 is clearly enriched at
the apical surface (Figure 2D). In horizontally dividing RPCs,
SAPCD2 labeling varied according to the phase of mitosis,
showing a clear concentration at the apical pole in prophase
and metaphase (Figures 2E and 2F), but barely detectable in
anaphase/telophase (Figure 2G). In vertically dividing RPCs,
however, SAPCD2 was undetectable in all phases of mitosis
and was never concentrated at the apical pole (Figures 2H
and 2I). To provide further support for these immunostaining
results, we electroporated P0 RPCs in vivo with a plasmid coding
for a SAPCD2::mCherry fusion protein and analyzed its localiza-
tion 24 hr later. Consistent with our immunostaining data,
SAPCD2::mCherry localized to the membrane in interphase
RPCs and was enriched at the apical endfoot (Figure 2J). In pro-
phase RPCs, SAPCD2::mCherry was concentrated at the apical
pole (Figure 2K). Quantification of SAPCD2 localization revealed
that 84.7% of prophase/metaphase RPCs exhibit apical
SAPCD2 in P0 retinas (Figure 2L). Conversely, LGN (Figures
2M–2O) and NuMA (Figure 2R) were observed in an expression
pattern complementary to SAPCD2 in RPCs, localizing to the
lateral membrane and not the apical domain in horizontally
dividing cells, whereas LGN invaded the apical pole in vertically
dividing RPCs (Figures 2P and 2Q), in which SAPCD2 is not
detected.
SAPCD2 Regulates Mitotic Spindle Orientation during
Epithelial Morphogenesis
The association of SAPCD2 with the LGN-Gai complex and with
several apical polarity proteins raised the possibility that it could54 Developmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Inbe involved in regulating spindle orientation. Since the LGN-Gai-
NuMA ternary complex plays an important role in spindle orien-
tation and lumen formation during cystogenesis in the organo-
typic 3D cultured MDCK cell system (Rodriguez-Fraticelli et al.,
2010; Zheng et al., 2010), we decided to first study SAPCD2
function in this assay. Because our SAPCD2 antibody does not
recognize the canine protein, we transfected low levels of human
SAPCD2 in MDCK cells and studied its localization in polarized
MDCK cell monolayers. Consistent with our findings in RPCs,
SAPCD2 was also apically localized in this context and enriched
at tight junctions (Figure S2D). To determine whether SAPCD2
plays a role in cystogenesis, we knocked down its expression
in MDCK cells and examined cyst morphogenesis 5 days later.
As expected, the majority of MDCK cells expressing control
short-hairpin RNA (shRNA) formed spherical cysts with a single
hollow lumen. In contrast, SAPCD2 depletion using two indepen-
dent and validated shRNAs led to abnormal cysts exhibiting mul-
tiple lumens (Figures 3A and 3B). The cystogenesis defects of
SAPCD2 shRNA expressing cells were comparable to defects
obtained when LGN expression was knocked down (Figures
3A and 3B).
To determine whether the multi-lumen cyst phenotype
observed when knocking down SAPCD2 was a consequence
of spindle orientation defects, we calculated the angle of the
mitotic spindles with respect to the apical membrane by stain-
ing the cells for tubulin to detect the mitotic spindle and phal-
loidin to label the apical membrane. Cells were plated in Matri-
gel immediately following transfection with the shRNAs to allow
cysts to form before significant SAPCD2 knockdown was
achieved. Under these conditions, most cysts exhibited a sin-
gle lumen when observed 3 days after plating. In cysts express-
ing control shRNA, the spindles were generally parallel to the
apical membrane (Figures 3C and 3D). However, cysts derived
from cells expressing either SAPCD2 shRNAs had randomized
mitotic spindle orientations, with many spindles being oblique
or even perpendicular to the apical membrane (Figures 3C
and 3D). These results were similar to what is observed when
cysts are depleted of LGN (Figures 3C and 3D). We conclude
that SAPCD2 is required to properly orient the mitotic spindle
parallel to the apical membrane during epithelial
morphogenesis.
SAPCD2 Is Required for Planar Cell Divisions in the
Mouse Retina
To uncover SAPCD2 function in vivo, we studied the retina of ho-
mozygous lacZ knockin mice (Sapcd2/), which were previ-
ously reported to be null mutants for Sapcd2 (Murata et al.,
2004). In light of our findings in the cyst assay in 3D MDCK cul-
tures, we predicted that SAPCD2 would be required to control
cell-division orientation in RPCs. We therefore analyzed mitotic
spindle orientation in three dimensions by staining the DNA
and centrosomes (Figures 4A and 4B), as previously described
(Cayouette et al., 2001; Juschke et al., 2014). Spindle orientation
was analyzed at P0, a stage when the number of vertically
oriented divisions peaks in the retina (Cayouette et al., 2001).
Strikingly, while most divisions were expectedly aligned horizon-
tally in controls, the proportion of oblique and vertical divi-
sions was increased by almost 6-fold in Sapcd2/ retinas
(Figure 4C). Together, these results indicate that SAPCD2c.
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Figure 3. SAPCD2 Is Required for Epithelial Morphogenesis in MDCK Cysts
(A) SAPCD2 knockdown leads to multiple lumen formation. Confocal images show the middle plane of MDCK cysts derived from cells infected with the indicated
shRNA. DAPI (blue) and phalloidin (green). Scale bar, 10 mm.
(B) Quantification of the percentage of normal, single-lumen cysts formed in each condition normalized to control (scrambled shRNA). Error bars represent the
SEM. ***p < 0.001, one-way ANOVA and Bonferroni test.
(C) SAPCD2knockdowndisruptsmitotic spindle orientation.Confocal images showingmitotic cellswithin cysts stainedwith the indicated antibodies. Scale bar, 10mm.
(D) Scatterplot showing spindle angles measured in metaphase cells from each shRNA condition shown in (C). Measurements are taken by measuring the angle
difference between the apical plane of the cell and the spindle pole axis. In (A) and (C), scale bar represents 10 mm, and in (B) and (D), error bars represent the SEM.
*p < 0.05; ***p < 0.001, one-way ANOVA and Bonferroni test.
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Figure 4. SAPCD2 Is Required for Planar Cell Divisions in the Mouse Retina
(A) Schematic representation of the method used to analyze mitotic spindle angles in RPCs in vivo. Using 3D coordinate geometry, the angle (a) between the
spindle axis, identified from the x, y, and z coordinates of the centrosome pairs, and the plane of the neuroepithelium (corresponding to the interface between the
retinal pigmented epithelium [RPE] and the neural retina [NR]) was measured in tissue sections. Angles of 0–30 were classified as horizontal, whereas angles of
30–60 and 60–90 were classified as oblique and vertical, respectively.
(B) Examples of horizontal, oblique, and vertical divisions in the mouse retina at P0. Sections were stained for g-tubulin to visualize the centrosomes (red;
arrowheads) and Hoechst to visualize DNA (blue). Scale bar, 1 mm.
(C) Low-magnification images of heterozygote and Sapcd2/ retinas at P0, showing a visible increase of vertical and oblique divisions in the Sapcd2/ animals.
Mitotic spindle angles are schematized above each mitotic cell (dotted circles). Nuclei are stained with Hoechst (blue). Scale bar, 5 mm.
(D) Quantification of the distribution of mitotic spindle orientations of RPCs in anaphase/telophase at P0 in heterozygotes (gray) and Sapcd2/ (green).
Five heterozygotes (n = 325mitotic cells) and five Sapcd2/ (n = 337mitotic cells) were analyzed. Error bars represent standard deviations between animals. ***p
% 0.001, Student’s t test.function is required to orient RPCmitotic spindles horizontally, or
parallel to the plane of the neuroepithelium.
SAPCD2 Is Required for Terminal Symmetric Cell
Divisions in Retinal Progenitors
Previous studies have suggested that horizontally dividing RPCs
producing a terminal division tend to give rise to two photore-
ceptor cells, whereas vertically dividing RPCs tend to give rise
to an asymmetric terminal division producing a photoreceptor
and another cell type (Cayouette and Raff, 2003; Kechad et al.,
2012). Based on our finding that loss of SAPCD2 increases ver-
tical divisions in the mouse retina, we predicted that asymmetric
terminal divisions would be increased in Sapcd2/, at the
expense of symmetric terminal divisions. To test this idea, we
analyzed the lineage of individual RPCs by infecting Sapcd2/
or control heterozygote littermate retinal explants at E18.5 with
a retroviral vector expressing GFP. Fourteen days later, when
all the cells had differentiated, we studied the composition of
the resulting clones using cell-specific markers and by exam-56 Developmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Inining the position and morphology of the cells in the layers to
identify the different retinal cell types (Figures 5A–5C). In
Sapcd2/ retinas, overall clone size distribution was indistin-
guishable from control clones (Figure 5D), indicating that loss
of SAPCD2 does not alter proliferation or cell death during retinal
development. Consistently, staining for phospho-histone H3 and
activated caspase-3 at P0 revealed no significant changes in
Sapcd2/ retinas, and histological coloration did not reveal
any obvious alteration in cell-layer thickness (Figures S3A–
S3C). Moreover, the localization of PARD3, PALS1, and ZO-1
were unchanged in Sapcd2/ retinas, ruling out a defect in
the establishment or maintenance of tissue polarity (Figure S3D).
To precisely test our hypothesis that loss of SAPCD2 would
lead to an overproduction of terminal asymmetric divisions, we
next focused our attention on the composition of two-cell clones,
which represent the output of a terminal division. In control ani-
mals, 86% of terminal divisions were symmetric, producing
two photoreceptor cells, whereas the remaining divisions were
asymmetric and gave rise to a photoreceptor and a bipolar,c.
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Figure 5. SAPCD2 Is Required for Terminal Symmetric Cell Divisions in the Developing Mouse Retina
(A) Schematic representation of the clonal analysis assay.
(B and C) Examples of confocal images exhibiting two-cell clones corresponding to terminal cell divisions obtained 14 days after infection with ZsGreenpSiren
retroviral vector, showing a two-photoreceptor cell clone (B) and a clone containing one photoreceptor and one bipolar cell (C). Scale bar, 5 mm.
(D and E) Graphs showing quantification of clonal analysis of retinal explants infected with the retroviral vector at E18.5 and analyzed 14 days later in hetero-
zygotes (gray) and Sapcd2/ (green) retinas. Clone size distribution (D) is not significantly (ns) altered in heterozygotes (n = 22) compared with Sapcd2/ retinas
(n = 15). Two-cell clones composition (E) shows a significant reduction of symmetric cell divisions producing two photoreceptors, and an increase of asymmetric
cell divisions producing one photoreceptor and one bipolar or amacrine cell (n = 17 heterozygous mice, 1,503 two-cell clones analyzed; n = 10 Sapcd2/, 780
two-cell clones analyzed). Error bars represent SEM. **p% 0.01, Student’s t test.
Ph, photoreceptor cells; Ama, amacrine cells; Bip, bipolar cells; Mu, Mu¨ller glia; INL, inner nuclear layer; ONL, outer nuclear layer. Data were obtained from seven
different litters in independent experiments. See also Figures S3 and S4.amacrine, or Mu¨ller glial cell (Figure 5E). These results are largely
consistent with the proportion of horizontal (93%) and oblique/
vertical (7%) divisions observed in heterozygous retinas at this
stage (Figure 4D). In contrast, only 77% of terminal divisions
observed in Sapcd2/ retinas were symmetric and produced
two photoreceptors, while 23% were asymmetric and produced
a photoreceptor and a bipolar, amacrine, or Mu¨ller cell (Fig-
ure 5E), which is also consistent with the increase in oblique/ver-
tical divisions observed in Sapcd2/ (Figure 4D). In further
support of these results, similar results were obtained when us-
ing retrovirus-mediated shRNA knockdown of Sapcd2 in RPCs
(Figure S4). Importantly, loss of SAPCD2 did not affect the
localization of NUMB in mitotic RPCs (Figure S3E), ruling out
the possibility that NUMB mislocalization leads to alterations in
symmetric and asymmetric terminal divisions in Sapcd2/.
Thus, SAPCD2 is essential in RPCs to orient the mitotic spindle
horizontally and promote the production of symmetric terminal
divisions generating two photoreceptor cells.
SAPCD2 Regulates the Cortical Localization of LGN
We next wondered how SAPCD2 could control spindle orienta-
tion. Proper spatiotemporal localization of the Gai-LGN-NuMA
force-generating ternary complex is needed to localize theDevemitotic spindle during oriented cell division. Since SAPCD2
and NuMA share the same binding site on LGN (Figure 1E),
we predicted that SAPCD2 expression might interfere with
the cortical localization of LGN. To test this possibility, we first
determined the effect of SAPCD2 overexpression on the local-
ization of LGN in HeLa cells engineered to stably express low
levels of a GFP::LGN fusion (Kiyomitsu and Cheeseman,
2012). As previously described, during mitosis, these cells
exhibit cortical expression of GFP::LGN in a crescent opposite
the spindle poles (Figure 6A). Upon overexpression of SAPCD2,
which localizes to the cortex in HeLa cells (Figure S2E), the
abundance of cortical GFP::LGN was significantly reduced
whereas overexpression of Gai, the plasma membrane anchor
for LGN, led to expansion of the LGN crescent and increase in
overall GFP::LGN intensity (Figure 6B). In contrast, knocking
out SAPCD2 expression using the CRISPR-Cas9 system led
to increased cortical LGN expression (Figures 6C–6E). Since
ectopic Gai expression increases LGN cortical localization,
we next asked whether SAPCD2 co-expression would rescue
this phenotype. Whereas expression of Gai enhanced cortical
expression of LGN, SAPCD2 expression in the same cells in-
hibited this effect (Figures 6F and 6G). As a control we showed
that SAPCD2 overexpression had no effect on the localizationlopmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Inc. 57
of Gai (Figure S5). We conclude that SAPCD2 negatively regu-
lates the cortical localization of LGN.
In Figure 2, we established that SAPCD2 expression is gener-
ally non-overlapping with LGN and NuMA in RPCs. Since
expression of SAPCD2 influences LGN cortical expression, we
next hypothesized that apical expression of SAPCD2 in RPCs
might function to exclude LGN from the apical domain and
thereby serve to maintain its lateral expression during horizontal
divisions. We thus predicted that LGN localization would be
altered in Sapcd2/ RPCs. Consistently, while LGN localized
to the apical pole in only 13% of heterozygote RPCs, it invaded
the apical domain in 36% of Sapcd2/ RPCs during prophase
(Figures 6H and 6I). At this point, however, we cannot formally
exclude that the LGN-related protein AGS3 also contributed to
this observation, since all four LGN antibodies that we tested
were found to also recognize AGS3 (not shown). A remarkable
correlation nevertheless exists between the increased apical
localization of LGN in Sapcd2/ RPCs in prophase (36%) and
the increased number of oblique and vertical divisions leading
to asymmetric divisions (39.5%). We conclude that the apical
expression of SAPCD2 during mitosis is required to prevent
LGN anchoring at the apical cortex, and consequently maintain
horizontal divisions.
DISCUSSION
The Gai-LGN-NuMA ternary complex is an evolutionarily
conserved machinery linking aster microtubules to the cell cor-
tex. Context-dependent localization of the ternary complex is
needed to achieve appropriate orientation of cell division to
contribute to epithelial cell morphogenesis or to adequately
partition cell-fate determinants during symmetric or asymmetric
cell divisions. In this study, we identified the cell-cycle-regulated
protein SAPCD2 as a regulator of the ternary complex and spin-
dle orientation during the morphogenesis of epithelial cysts
grown in vitro and asymmetric divisions of RPCs in vivo. We
further report that SAPCD2 negatively regulates LGN anchoring
to the cell cortex by competing with NuMA for LGN binding.
Although previous studies provided correlative evidence link-
ing mitotic spindle orientation and unequal partitioning of fate
determinants such as NUMBwith symmetric/asymmetric output
in terminal divisions in the rodent retina (Cayouette and Raff,
2003; Kechad et al., 2012), it remained unclear whether change
in division orientation actually instructs fate decisions or is just a
consequence of cells adopting different fates. A previous study
showed that inactivation of mInsc in the rat retina reduces the
proportion of vertically dividing RPCs and alters cell fates (Zig-
man et al., 2005), but whether this was caused by a change in
the balance of symmetric and asymmetric divisions was not
examined. In the current study, we used retroviral lineage tracing
in theSapcd2/mouse retina to show that alterations in division
orientation lead to changes in symmetric/asymmetric terminal
divisions, suggesting that orientation of the mitotic spindle
directly influences cell-fate decisions. Our finding that the pro-
portion of oblique or vertical divisions at P0 largely matches
that of asymmetric terminal divisions in both control and
Sapcd2/ retinas supports this interpretation, and suggests
that the majority of asymmetric terminal divisions taking place
around P0 in the mouse retina are generated through reorienta-58 Developmental Cell 36, 50–62, January 11, 2016 ª2016 Elsevier Intion of the mitotic spindle. It is important to note, however, that
horizontal symmetric divisions are still observed in Sapcd2/
retina, suggesting that other pathways are involved and con-
tribute to functional redundancy.
Interestingly, we did not detect any change in proliferation in
Sapcd2/ retinas, which is in contrast to the previously reported
role of SAPCD2 as an oncogene (Sun et al., 2013; Xu et al., 2007;
Yuan et al., 2013). These results indicate that SAPCD2 can exert
different functions depending on context, and also reveals
that, unlike in the developing forebrain where oblique/vertical
divisions appear to drive proliferative divisions (Lancaster and
Knoblich, 2012), the retina does not use division orientation
to regulate self-renewing asymmetric divisions. Indeed, if this
were the case, a change in clone size would have been expected
in lineage tracing studies on Sapcd2/ retinas. Further work will
be required to uncover the mechanisms driving self-renewing
asymmetric divisions in the retina, as this will be essential to un-
derstand how the balance between proliferation and differentia-
tion is achieved to produce a retina of the appropriate size and
cellular composition. Although we observed about 3-times
more terminal asymmetric cell divisions in Sapcd2/ retinas, it
did not lead to major changes in tissue organization (Figure S3).
This was somewhat predicted however, since altering the iden-
tity of only the last pair of daughter cells in a lineage that can
contain more than 100 cells is not expected to have a major ef-
fect. Nonetheless, we did observe a small increase in the total
number of bipolar cells in the Sapcd2/ retinas (Sapcd2+/:
62.2 ± 4.9 CHX10 + cells/300 mm, n = 4; Sapcd2/: 81.7 ± 1.4
CHX10 + cells/300 mm, n = 4; p = 0.009, Student’s t test), as ex-
pected, but some of the bipolars in Sapcd2/ did not localize in
the appropriate layer (data not shown). Further work will be
necessary to determine whether overproduction of bipolar cells
from asymmetric terminal divisions in Sapcd2/ leads to over-
crowding in the bipolar cell layer and displacement of the extra
cells, or to a distinct role for SAPCD2 in regulating post-mitotic
neuronal migration. It will also be interesting to study how exactly
SAPCD2 can function as an oncogene, considering that defects
in cell-division orientation can contribute to disease and cancer
development (Noatynska et al., 2012).
How does SAPCD2 precisely regulate spindle orientation?Our
study uncovered that SAPCD2 interacts with several tight junc-
tion components such as ASPP2, PALS1, PATJ, and PAR3,
which likely control SAPCD2 localization at the apical domain
of RPCs. NuMA binding to LGN has previously been shown to
promote the ‘‘opening’’ of LGN and favor the binding of Gai-
GDP to the GoLoco motifs located on the C terminus of LGN
(Du and Macara, 2004). Our results demonstrate that SAPCD2
competes with NuMA for binding to the TPR motifs of LGN, sug-
gesting that SAPCD2 binding may reduce the affinity of LGN for
Gai and thereby affect its cortical localization. Supporting these
results, forced expression of SAPCD2 inhibited the cortical local-
ization of LGN (Figure 6A) and led to defective cystogenesis in
MDCK 3D cultures (data not shown).
Our findings therefore suggest that in horizontally dividing
cells, apical expression of SAPCD2 may guide localization of a
functional Gai-LGN-NuMA complex on the basolateral mem-
brane, and exclude LGN from the apical pole, thereby contrib-
uting to orient themitotic spindle parallel to the apical membrane
(Figure 7A). Consistent with this model, we observed SAPCD2c.
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Figure 7. Proposed Model for SAPCD2 Function in Spindle Orientation
(A) In the presence of SAPCD2 (left), LGN is displaced from the apical pole and cannot recruit NuMA to orient the mitotic spindle along the apico-basal axis. In this
context, LGN and NuMA localize at the lateral poles and instruct horizontal divisions. In the absence of SAPCD2 (right), LGN can anchor around the entire cortex,
such that mitotic spindle orientation is randomized.
(B) Proposed molecular mechanism for SAPCD2. (Left) SAPCD2 binds to the TPR motifs of LGN, thereby preventing interaction with NuMA and its anchoring to
the apical cortex. LGN can interact with NuMA and Gai on the basolateral cortex where SAPCD2 is not expressed, leading to a horizontal division. (Right) In the
absence of SAPCD2, the Gai-LGN-NuMA complex is free to invade the apical domain, leading to re-reorientation of the spindle and vertical division.expression at the apical pole in horizontally dividing RPCs
through prophase and metaphase, where it could exclude the
Gai-LGN-NuMA complex, thereby restricting it to the lateral
poles. Our results showing that LGN invaded the apical domain
in Sapcd2/ RPCs are consistent with this idea (Figure 6H).
Interestingly, SAPCD2 was no longer detected in anaphase
RPCs, suggesting that spindle orientation is fixed when the cellFigure 6. SAPCD2 Regulates LGN Cortical Localization
(A) HeLa cells stably expressing GFP::LGN were transfected with a bicistronic ve
(B) Cortical GFP::LGN levels were quantified by measuring fluorescence intensity
cells measured for each condition. Four independent experiments were perform
(C) HeLa GFP::LGN SAPCD2 knockout cells were engineered by CRISPR-Cas9
control. Images were acquired from the polyclonal pool of SAPCD2 knockout ce
(D) Western blot showing that SAPCD2 is nearly absent in CRISPR-Cas9 engine
(E) Quantification of (C). 75 cells were counted in each condition. ***p < 0.001, S
(F) SAPCD2 overexpression mitigates the effects of Gai overexpression on LGN c
were transfected: one enabling Gai expression and mCherry::H2B, and the oth
proteins. See also Figure S5A.
(G) Quantification of (F). Three independent experiments were performed with si
(H) SAPCD2 prevents apical localization of LGN. In prophase of wild-type RPCs,
(white bar), whereas it invades the apical domain in Sapcd2/ RPCs (arrowhead
(I) Quantification of (H) in heterozygotes (gray) and Sapcd2/ (green) retinas. L
erozygotes (12.9%). Seven heterozygous mice (n = 272 prophases) and eight Sa
Error bars in (B), (E), (G), and (I) represent SEM. See also Figure S5.
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tors (Adams, 1996). In vertically dividing RPCs, however,
SAPCD2 was not detected at any stage of mitosis, suggesting
that downregulation of SAPCD2 is essential for RPCs to reorient
their spindle away from horizontal. How SAPCD2 is downre-
gulated in vertically dividing RPCs will require further investi-
gation, but the absence of SAPCD2 is proposed to allow thector enabling expression of the indicated proteins and mCherry::H2B.
using ImageJ. Shown is a representative experiment with minimum of n = 30
ed with similar results. **p < 0.01; ***p < 0.001.
genome editing. A single-guide RNA targeting LacZ was used as a negative
lls.
ered cells.
tudent’s t test.
ortical levels. To identify cells expressing both proteins, two bicistronic vectors
er enabling myristoylated and palmitoylated (MP)::dsRed and the indicated
milar results. ***p < 0.001, one-way ANOVA and Dunn’s comparison test.
LGN localizes to the lateral membrane and is excluded from the apical domain
s), at P0. Scale bar, 1 mm.
GN is apically enriched in Sapcd2/ retinas (36.1%) compared with the het-
pcd2/ (n = 274 prophases) were analyzed. **p = 0.001118, Student’s t test.
c.
Gai-LGN-NuMA complex to invade the apical cortex, thereby
leading to reorientation of the spindle along the apico-basal
axis (Figure 7B). Intriguingly, the proteinmINSC, which also inter-
acts with the TPR motifs of LGN, was previously shown to
localize apically in RPCs and promote vertical divisions (Zigman
et al., 2005), suggesting that it might act as a key adaptor for the
ternary complex in the absence of SAPCD2. mINSC binding to
LGN does not lead to its displacement from the cortex, however,
suggesting that different LGN conformations are stabilized upon
interaction with these proteins. The biochemical and functional
interplay between SAPCD2 and mINSC to direct the localization
of the Gai-LGN-NuMA ternary complex and to influence horizon-
tal versus vertical divisions will therefore need to be examined
closely.
Since SAPCD2 acts as a negative regulator of the Gai-LGN-
NuMA complex in RPCs, our model predicts that inactivation
of LGN in this context should prevent reorientation of the spindle
along the apico-basal axis and increase horizontal divisions. This
would be in contrast to the role of LGN in the developing mouse
forebrain and chick neural tube, where it is required to maintain
horizontal divisions (Konno et al., 2008; Morin et al., 2007), but
similar to the role of LGN in the skin epithelium, where it is essen-
tial for reorientation of the mitotic spindle along the apico-basal
axis (Williams et al., 2014). Future experiments looking at LGN
function in the retina in vivo should help resolve this issue.
In conclusion, our results uncover SAPCD2 as a regulator of
themitotic spindle orientation pathway during epithelial morpho-
genesis and retinal progenitor cell division.Whether SAPCD2 is a
context-dependent or pervasive regulator of the ternary com-
plex, and whether this function of SAPCD2 underlies its reported
role in cancer, awaits further investigation.
EXPERIMENTAL PROCEDURES
See Supplemental Experimental Procedures for more details.
Mass Spectrometry
HEK293T cells expressing SBP-HA-CBP-Gai-Q204L or FLAG-SAPCD2 were
used for affinity purifications and subsequent MS analysis as previously
described (Angers et al., 2006; Liu et al., 2014). In brief, lysate was centrifuged
for 30 min at 40,000 3 g and the soluble fraction subjected to dual affinity pu-
rification (streptavidin and calmodulin beads) or immunoprecipitation using
anti-FLAG M2 beads (Sigma). The beads were washed with TAP lysis buffer
followed by ammonium bicarbonate, then eluted with 500 mM ammonium hy-
droxide (pH 11.0). The eluate was dried and resuspended in 50mMammonium
bicarbonate containing 25mMDTT and 100mM iodoacetamide before digest-
ing with 1 mg of sequencing-grade trypsin (Promega). The resulting peptide
mixture was analyzed by liquid chromatography-tandem MS using an LTQ-
XL linear ion-trap mass spectrometer (Thermo Scientific). The acquired tan-
dem mass spectra were searched against a FASTA file containing the human
NCBI sequences using a normalized implementation of SEQUEST running
on the Sorcerer platform. The resulting peptide identifications returned by
SEQUEST were filtered and assembled into protein identifications using the
Peptide and Protein Prophet suite (ISB). To identify specific SAPCD2-associ-
ated proteins, we subtracted a background list of contaminating proteins
populated using control FLAG immunoprecipitation (IP) from wild-type lysates
and datasets from five irrelevant FLAG-tagged proteins.
Animals
All animal work was performed in accordance with the Canadian Council on
Animal Care guidelines. CD1, C57/BL6 (Charles River), and Sapcd2 mutants
(Sapcd2/) (Murata et al., 2004) of either sex were used in this study. Hetero-
zygote littermates were used as controls.DeveRetinal Explant Culture
E18.5 mouse (C57/BL6 and Sapcd2+/ and Sapcd2/) retinal explants were
prepared and infected with retroviruses as previously described (Cayouette
et al., 2001) with some modifications. In brief, the neural retina was dissected
away from the retinal pigmented epithelium (RPE) in PBS. At E18.5, the retinas
were cut into three pieces. The explants were infected with a retroviral vector
encoding Zoanthus sp. GFP (ZsGreenpSiren). Retroviral vectors were pre-
pared in Phoenix packaging cell line and used to infect explants as described
previously (Cayouette and Raff, 2003). E18.5 retinal explants were cultured for
14 days in a CO2 5% incubator at 37
C, changing the medium every 3 days.
Clonal Analysis
After 14 days in culture, the explants were fixed in 4% paraformaldehyde for
30 min at room temperature and processed for immunostaining as described
above. Clones derived by each infected retinal progenitor cell were analyzed
by counting the number of each cell type present in radial clusters, using
morphology and position in the cell layers, and using expression of cell-spe-
cific markers such as CHX10 as a bipolar cell marker, according to standard
procedures and as we previously described (Elliott et al., 2008; Kechad
et al., 2012).
Mitotic Spindle Orientation
Mitotic spindle orientation was measured as previously described (Cayouette
et al., 2001) using 3D coordinate geometry. This method wasmodified accord-
ing to Juschke et al. (2014), who used a three-dimensional plane instead of a
line as the reference to determine spindle angles. Centrosomes were stained
with anti-g-tubulin antibody and DNA labeled with Hoechst. The orientation of
the spindle axis was measured from the x, y, and z coordinates of the centro-
some pairs relative to the plane of the neuroepithelium corresponding to the
interface between the RPE and the neural retina, using a MATLAB program
(Mathworks). We analyzed the centrosome pairs in cells in either metaphase
or anaphase-telophase. Statistical comparisons were done using Student’s
t test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two tables and can be found with this article online at http://
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